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SOMMAIRE 
La dominance sociale est un aspect important de l'ecologie evolutive des ongules males 
polygynes. L'etude des traits physiologiques et comportementaux qui determinent le rang 
hierarchique est done fondamentale pour comprendre les pressions sexuelles selectives 
agissant sur les males de ces especes. Un des traits souvent associe au rang de dominance 
est la longueur des comes, mais tres peu d'etudes ont pu comparer les dimensions des 
cornes avec le rang social d'individus marques. Si chaque individu etait de qualite 
comparable, une croissance rapide des cornes pourrait etre contrebalancee par une 
diminution en survie. Alternativement, si le taux de croissance des cornes varie selon la 
qualite individuelle, il pourrait etre correle positivement avec la longevite. 
Le but de ma maitrise etait d'etudier les determinants du rang social et les compromis de 
croissance du bouquetin des Alpes (Capra ibex). Pour atteindre mes objectifs, j 'a i suivi 
des males marques dans le Pare National du Grand Paradis, Italie, aim d'etudier 
l'importance relative de leurs traits d'histoire de vie par rapport a leur position 
hierarchique. Parallelement a cela, j 'a i utilise une banque de donnees de cranes de 
bouquetin des Alpes pour etudier les compromis de croissance par rapport a la longevite. 
Tout d'abord, j 'a i developpe une methode pour mesurer a distance les cornes de 
bouquetins. Cette methode utilise un support en aluminium qui soutient des pointeurs 
lasers paralleles et une camera digitale. J'ai ensuite pris des photos des cornes de 
bouquetin sur lesquelles je pouvais utiliser la distance fixe entre les deux points de lasers 
pour mesurer directement sur la photo, et avec precision, l'accroissement annuel des 
cornes. 
Ensuite, j 'a i observe les bouquetins males durant le printemps et l'ete 2006 afin de 
determiner leur rang hierarchique. J'ai aussi analyse des donnees comportementales 
in 
recoltees en 2003 par une equipe italienne travaillant sur la meme population. J'ai 
decouvert que la dominance a l'interieure d'une dyade etait tres stable et que je pouvais 
organiser le groupe de males selon un rang hierarchique lineaire. La masse corporelle et la 
taille des cornes covariaient positivement et expliquaient directement le rang qu'occupe un 
individu. Etant donne la grande variabilite entre les males, du a une forte heterogeneite en 
masse corporelle et longueur de cornes, tant a l'interieur qu'entre les ages, l'effet de l'age 
sur le rang etait indirect. L'age demeurait neanmoins un trait important, car un male ay ant 
un fort taux de croissance pouvait atteindre le sommet de la hierarchie a un plus jeune age 
qu'un males qui croit lentement. De plus, les males semblaient utiliser la taille des cornes 
et la masse corporelle comme une indication de la capacite a combattre des autres males. 
En effet, les plus petits males, qui ne sont pas necessairement les plus jeunes, evitaient les 
altercations violentes avec les males de plus grande taille, probablement pour eviter des 
blessures et done maximiser leur survie. 
Finalement, suite a mon etude sur 383 cranes de males bouquetins morts de causes 
naturelles, j 'a i decouvert qu'il n'y a aucun compromis entre le taux de croissance des 
cornes en bas age et la longevite. De plus, les cornes des bouquetins ne demontrent pas de 
croissance compensatrice. Par consequent, les bouquetins avec la plus forte croissance des 
cornes en bas age ont les plus longues cornes plus tard dans leur vie et ne souffrent pas 
d'une mortalite accrue. 
En conclusion, j 'a i decouvert une grande variabilite phenotypique entre les bouquetins 
males. Cette variabilite ne semble ne pas affecter le risque de mortalite, mais affecte plutot 
la capacite des males a acceder au sommet du rang hierarchique. Je n'ai pas mis en 
evidence un compromis de croissance pouvant affecter la longevite et done il est probable 
que le succes reproducteur individuel soit tres variable. L'avantage d'avoir un fort taux de 
croissance, tant en corne qu'en masse, semble done etre considerable et devrait etre soumis 
a une forte selection sexuelle. Ces resultats fournissent une explication potentielle au 
maintien d'un fort dimorphisme sexuel chez le bouquetin des Alpes. 
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INTRODUCTION 
L'etude de la biologie d'une espece passe par la connaissance de ses traits d'histoire de vie. 
Parmi les plus importants se trouvent le taux de croissance, l'age et la taille a maturite et la 
longevite (Stearns, 1992). Cependant, Pallocation d'energie a un trait peut contraindre le 
developpement d'autres traits et, par exemple, affecter la longevite ou la capacite de se 
reproduire d'un individu (Andersson, 1994; Stearns, 1992). Chez les mammiferes, par 
exemple, les cetaces ont une faible fecondite, une longue esperance de vie, et une 
primiparite tardive alors que les petits rongeurs ont une grande fecondite, une courte 
esperance de vie, et une primiparite en bas age (Gaillard et al., 1989). La masse corporelle 
est un trait de premier plan dans les compromis entre traits d'histoire de vie parce que les 
especes de petite taille ont generalement une courte duree de vie et plusieurs petits a la fois 
alors que les especes de plus grande taille ont une plus longue esperance de vie et moins de 
jeunes (Gaillard et al , 2000; Gaillard et al., 1989; Peters, 1983). Cependant, cette 
generalite au niveau interspecifique n'est pas neeessairement vraie au niveau 
intraspecifique. Dans ce cas, les animaux les plus gros possedent les ressources 
necessaires pour avoir plus de jeunes ou des jeunes de « meilleure qualite » alors que les 
plus petits ont des jeunes de moins bonnes qualites et doivent souvent retarder l'age a la 
premiere reproduction (Stearns, 1992). II existe done une grande variete dans les strategies 
d'allocation des ressources. La theorie des traits d'histoire de vie predit que les animaux 
font des compromis entre survie et reproduction, en fonction des contraintes 
environnementales et de leur propre condition physique (Stearns, 1992). Cependant, qu'en 
est-il de cette theorie lorsque les animaux doivent, en plus, allouer de l'energie dans la 
croissance de traits secondaires sexuels? Annoncer sa qualite compromettrait-il sa survie? 
Chez les especes dimorphiques polygynes, l'exageration dans la croissance de traits 
sexuels secondaires (cornes, defenses, plumes ornementales) augmente le succes 
reproducteur des males (Andersson, 1994; Stearns, 1992). Si les ressources energetiques 
sont limitees, la selection sexuelle pour des traits sexuels secondaires de plus en plus 
importants peut etre contrebalancee par une reduction en survie due aux couts energetiques 
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relies a la croissance et au maintien de tels traits. Done, en plus du cout intrinseque relie a 
la reproduction, il pourrait y avoir un conflit au niveau individuel, entre l'allocation 
d'energie dans la croissance de traits sexuels secondaires et dans des traits favorisant la 
longevite, telle que la masse corporelle (Stearns, 1992). Ces especes sont done d'un grand 
interet pour les etudes sur la theorie des traits d'histoire de vie car les traits sexuels 
secondaires qu'elles arborent sont mesurables. Considerant que les individus ayant les 
traits les plus importants se reproduisent le plus, ces especes deviennent un modele ideal 
pour etudier les compromis entre investissement en reproduction versus survie. 
Plan du memoire de maitrise 
Mon memoire de maitrise debutera par une introduction generale de ma recherche. Tout 
d'abord, je presenterai les objectifs et interets de mes travaux. Ensuite, je presenterai les 
fondements theoriques concernant la relation et les implications des traits d'histoire de vie 
avec (1) la position qu'un male occupe dans le rang social, (2) les compromis de croissance 
et la qualite individuelle, (3) la chasse au trophee. 
Mon memoire est ensuite divise en trois grands chapitres. Le premier chapitre presente 
une methode qui nous permet de mesurer a distance les cornes de bouquetins des Alpes 
(Capra ibex). Ceci a grandement augmente ma taille d'echantillon de cornes mesurees et 
m'a permis de combiner chaque croissance annuelle de cornes aux masses deja recoltees 
entre 2000 et 2006. Le deuxieme chapitre utilise ces donnees et traite de la relation entre la 
taille des cornes, la masse corporelle et Page en relation avec le rang hierarchique. De 
plus, j 'a i teste la theorie qui veut que la violence des combats entre males varie avec les 
differences physiques afin de diminuer les risques de blessures. Le troisieme chapitre 
traite de la relation entre la taille des cornes et la longevite afin de tester la theorie du 
compromis entre ces deux traits d'histoire de vie. Finalement, je conclue ma these en 
discutant des implications de ma recherche sur les perspectives futures concernant l'etude 
des traits d'histoire de vie d'ongules polygynes dimorphiques. 
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Objectifs et interets de ma recherche 
L'objectif principal de mon projet de maitrise est d'explorer les compromis entre le rang 
hierarchique, la croissance, et la longevite chez le bouquetin des Alpes qui est un ongule de 
montagne possedant un fort dimorphisme sexuel (Toigo, 1998). Pour ce faire, j 'a i utilise 
deux banques de donnees. La premiere provient d'un suivi a long terme, depuis l'an 2000, 
de bouquetins marques, auquel j 'a i contribue par la collecte de donnees en 2005 et 2006. 
La deuxieme a ete fournie par le Pare National du Grand Paradis et est composee de 
mesures de croissances annuelles de cornes faites sur des individus retrouves morts et dont 
la longevite est connue. Specifiquement, voici les deux objectifs de mon memoire: 
(1) Determiner l'importance relative de la masse, l'age et la longueur des cornes sur 
l'etablissement du rang social. 
(2) Caracteriser la relation entre la croissance des cornes et la longevite. 
La plupart des etudes sur les ongules font face a une multitude de problemes techniques 
limitant la collecte de mesures morphologiques sur des animaux marques. En effet, les 
captures sont souvent couteuses et representent un risque de blessure, a la fois pour 
l'animal et pour les chercheurs. Par consequent, la collecte de mesures morphologiques 
(masses, circonferences de taille, longueurs de cornes) s'effectue souvent sur des animaux 
retrouves morts (cranes retrouves ou animaux tues par des chasseurs) ou une seule fois, 
lorsque les animaux sont captures pour etre marques (Fandos, 1995; Giacometti et al., 
2002; Miura, 1986; Toigo et al., 1997; Toi'go et al., 1999). De plus, les ongules ont une 
longevite relativement grande done il est tres difficile d'accumuler une taille d'echantillon 
respectable d'individus suivis sur la duree complete de leur vie, ce qui est necessaire pour 
analyser les compromis entre la croissance de traits sexuels secondaries et la longevite. 
Finalement, la chasse au trophee influence la distribution d'age et de phenotype de 
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plusieurs de ces populations, car les males avec des grandes comes sont souvent rues par 
les chasseurs (Coltman et al. 2003). 
Ma recherche est innovatrice puisque la population que j'etudie n'est pas affectee par la 
chasse au trophee. Je teste done pour la premiere fois un compromis potentiel entre la 
croissance d'un trait sexuel secondaire et la longevite chez des ongules sauvages non 
chasses. De plus, j'innove en utilisant une approche statistique qui me permet d'integrer a 
la fois des mesures de masse corporelle, de croissance de cornes et d'age dans une analyse 
sur les determinants du rang hierarchique chez les males bouquetins. Ma recherche met en 
evidence l'importance de la qualite individuelle des males et nous permet de mieux 
comprendre les strategies de croissance par rapport au rang hierarchique. 
Le bouquetin des Alpes comme sujet d'etude 
Le bouquetin des Alpes montre l'un des plus forts dimorphismes sexuels de taille et 
d'ornement chez les ongules polygynes (Toigo, 1998). Les males peuvent peser jusqu'a 
deux fois plus que les femelles et possedent des cornes pouvant depasser un metre de 
longueur, comparativement aux cornes des femelles qui mesurent environ 30 cm (Toigo, 
1998). Le dimorphisme sexuel de cette espece suggere une forte selection sur ses traits 
sexuels secondaires (Loison et al., 1999b). En depit de ce fort dimorphisme sexuel, la 
longevite des males bouquetins depasse celle de plusieurs autres especes d'ongules 
dimorphiques et leurs strategies de croissance semblent tres conservatrices (To'igo et al., 
2007). Ces particularites font du bouquetin un modele ongule ideal pour etudier les 
compromis de croissance et l'importance relative des traits sexuels secondaires comme 
determinants du rang hierarchique. 
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Fondements theoriques 
Relier les traits d 'histoire de vie avec le rang social 
Chez plusieurs ongules dimorphiques polygynes, les comes et la masse corporelle des 
males sont soumises a une forte selection sexuelle (Coltman et al , 2005; Kruuk et al., 
2002). Ces traits servent principalement durant les combats intra-sexuels permettant aux 
males de demontrer leur dominance et d'acceder a un plus grand nombre de femelles 
(Hogg, 1984). Chez les moufions d'Amerique (Ovis canadensis), par exemple, moins de 
15% des males les plus dominants obtiennent plus de la moitie des paternites dans des 
populations avec 20 a 60 femelles reproductrices durant une meme saison de reproduction 
(Coltman et al., 2002; Hogg and Forbes, 1997). Le succes reproducteur des jeunes males 
est faible et independant de la taille de leurs cornes. La taille des cornes devient le trait 
determinant du succes reproducteur lorsque les males atteignent 7-8 ans et plus. Ces males 
doivent done survivre assez longtemps pour beneficier de la taille de leurs cornes. De plus, 
chez les ongules males, la masse ou la taille corporelle ont une importance capitale dans 
l'etablissement du rang hierarchique (McElligott et al., 2001; Pelletier and Festa-Bianchet, 
2006; Preston et al., 2003). Par contre, bien que ces recherches reconnaissent l'importance 
relative de la masse, de l'age, et de la longueur des cornes dans l'accession au sommet du 
rang hierarchique, aucune n'a encore incorpore toutes ces variables dans un meme modele. 
Ce manque est cause, en partie, par la difficulte d'obtenir ces mesures sur des ongules 
adultes marques. L'etude des traits sexuels secondaires des ongules dimorphiques est 
importante car elle peut nous informer sur les caracteristiques qui permettent a un male de 
gravir les echelons de la structure hierarchiques et par consequent, nous aider a 
comprendre les strategies de croissance optimales dans un contexte de fortes pressions 
selectives sexuelles. 
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Allocation d'energie et heterogeneite individuelle 
Chez plusieurs especes d'ongules dimorphiques polygynes, la masse et la longueur des 
comes jouent un role preponderant dans la determination du rang social et la probability 
d'obtenir une paternite (Coltman et al., 2002; Geist, 1971; Pelletier et Festa-Bianchet, 
2006; Preston et al., 2003). Cependant, des conditions environnementales non favorables 
et un manque de ressources alimentaires peuvent forcer les males a reduire la croissance de 
traits sexuels secondaires afin de maintenir leurs fonctions essentielles (Festa-Bianchet et 
al., 2004; Festa-Bianchet et al , 2003; LeBlanc et al., 2001; Vanpe et al., 2007). Les 
individus sont done confronted a un compromis potentiel entre l'allocation de l'energie 
disponible dans le maintien ou la croissance de traits sexuels secondaires et la survie. La 
croissance et le maintien de ces traits represented un cout physiologique reel (Geist, 
1966b; Picard et al., 1996) et par consequent, les individus de faible qualite ne peuvent se 
permettre une forte croissance et voient done leur succes reproducteur potentiellement 
reduit. Cependant, chez le mouflon d'Amerique, Hogg and Forbes (1997) ont trouves que 
certaines strategies alternatives de reproduction pouvaient permettre a ces petits males 
d'obtenir un certain nombre de paternites. D'un autre cote, une forte croissance de cornes 
en bas age augmente rapidement la capacite d'un male a defendre les femelles mais peut 
affecter negativement de deux facons sa longevite: soit en limitant 1'accumulation des 
graisses essentielles durant les saisons froides et pauvres en nourriture (compromis 
d'allocation), soit par l'augmentation du risque de blessures associe aux combats entre 
males (Clutton-Brock et al., 1979; Geist, 1971). Ces males voient done leur succes 
reproducteur actuel favorise au detriment de leur succes reproducteur futur, qui est 
intimement relie a leur survie. 
Dans le cadre de la theorie des traits d'histoire de vie, differents facteurs, dont plusieurs 
tres variables d'une annee a l'autre, jouent un role dans la strategie optimale de croissance 
a adopter (faible croissance et strategie de reproduction alternative ou forte croissance et 
risque de mortalite eleve). Par consequent, est-ce que dans certaines circonstances la 
meilleure strategie pour un male serait de reduire la croissance de ses cornes afin de 
maximiser sa survie et done son potentiel reproducteur futur? Si oui, un individu qui a de 
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petites comes pourrait done etre soit un individu faible, soit un individu qui utilise une 
allocation optimale des ressources. Cependant, ces compromis d'allocation 
compromettraient la valeur raeme d'un signal honnete (Kodric-Brown and Brown, 1984; 
Zahavi, 1975) car des individus de qualites differentes auraient une meme taille de cornes 
et done les cornes n'indiquerait plus la qualite de l'individu. La question est done de 
savoir si les individus qui ont une forte croissance dans leurs traits sexuels secondaires 
subissent une diminution en probabilite de survie. 
Des travaux recents ont montre que la tallies des cornes chez les ongules etait correlee a la 
qualite et a la velocite du sperme des males (Malo et al., 2005), ainsi qu'a la condition 
physique generale des jeunes males (Weladji et al., 2005). Certaines etudes soutiennent 
meme que les males avec la plus grande masse corporelle ou avec les traits sexuels 
secondaires les plus importants demontreraient une qualite phenotypique superieure et 
seraient, par consequent, ceux qui ont une plus grande probabilite de survivre (McElligott 
et al., 2002; Reznick et al , 2000; Service, 2000; van Noordwijk and De Jong, 1986). Le 
compromis ne serait done pas au niveau de 1'allocation des ressources, mais plutot au 
niveau de leur acquisition (Dobson et al., 1999). Festa-Bianchet et al. (2004) ont montre 
que l'effet negatif d'une forte densite de population et d'une reduction des ressources sur la 
croissance annuelle des cornes chez le mouflon d'Amerique etaient moins evidents pour 
les males plus lourds que pour ceux plus legers. Une meta-analyse recente de Kodric-
Brown et al. (2006) revele une relation positive au niveau individuel entre la taille des 
traits sexuels secondaires et la masse chez la plupart des especes et Vanpe et al. (2007) 
supportent ce fait chez les cervides. Par consequent, l'heterogeneite individuelle observee 
en nature pourrait refleter une variabilite dans la qualite des individus plutot qu'une 
variabilite en strategie d'allocation des ressources. Certains individus pourraient tout 
simplement etre meilleurs que d'autres et done beneficier d'une meilleur croissance, d'une 
meilleure survie, et d'un meilleur succes reproducteur (Reznick et al., 2000). Neanmoins, 
tres peu d'etudes ont pu faire des mesures repetees sur des individus marques pour verifier 
empiriquement cette theorie. 
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Les effets de la chasse 
Plusieurs etudes sur les ongules fortement dimorphiques, dont certaines sur le bouquetin 
des Alpes, ont eu lieu ou la chasse sportive (notamment la chasse au trophee) est permise. 
Ce type de chasse a un effet nefaste sur le succes reproducteur des plus gros males, car ils 
sont elimines prematurement alors qu'ils pourraient encore se reproduire et transmettre 
leurs « bons » genes (Coltman et al., 2003). De plus, la chasse limite les etudes portant sur 
la longevite des males, car la distribution d'age est biaisee selon le type de chasse 
(Martinez et al., 2005). L'etude de la relation entre la croissance annuelle des cornes, la 
masse corporelle et l'age des males ongules, devrait done se faire idealement sur une 
population non chassee. La presence d'individus « de qualite » et ages (presque absents 
des populations chassees) est necessaire pour bien comprendre les liens complexes qui 
unissent les strategies de croissance de traits sexuels secondaires et la longevite. 
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CHAPITRE I 




Journal of Wildlife Management, 2007, 71: 289-292 
Description de I'article et contribution 
Bien que la croissance annuelle des comes des ongules nous offre une foule 
d'informations, la seule facon de la mesurer est lors des captures ou lorsque l'animal est 
retrouve mort. Cependant, tres peu d'etudes font des captures repetees d'individus 
marques et la recolte des cranes est difficile car le lieu ou un animal meurt est souvent 
inconnu. J'ai done developpe un systeme qui me permet de mesurer a distance 
l'accroissement annuel des cornes de bouquetin. Ce papier est important en ecologie car la 
methode pourra aussi contribuer a d'autres recherches longitudinales qui necessitent des 
mesures lineaires d'animaux difficiles a capturer. J'ai effectue tous les travaux menant a la 
publication de ce manuscrit. 
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Abstract 
Animal ecology research could benefit from the measurement of individual morphological 
traits. In bovids, male horn size often correlates with annual reproductive success, is 
sensitive to resource abundance and could be a predictor of survival. However, live 
captures are costly, involve some risk of injury or substantial disturbance to the animals, 
and are impossible in many situations. To remotely measure horn growth of free-ranging 
Alpine ibex (Capra ibex), I designed an aluminum frame that holds parallel laser pointers 
and a digital camera. I took digital pictures of ibex horns and calculated horn growth 
based on the fixed distance between the two laser points. This simple and accurate 
technique could benefit many ecological studies that require linear measurements, such as 
shoulder height, body length, leg length, or fin length. It could also help measure body 
features (e.g. fur or skin patterns, scars), increasing the reliability of individual 
photographic identification. 




Biologists frequently use measurements of individual morphological traits in ecological 
research to guide conservation and management efforts. A well-known example is the 
variation in beak length of Geospiza finches that was instrumental in shaping Darwin's 
thoughts about natural selection (Darwin, 1859). Ecologists and evolutionary biologists 
measure animal morphological traits because there are correlations between size and 
fitness. In lizards and snakes, there is a correlation between body shape and relative clutch 
mass (Shine, 1992). In males of polygynous ungulates, heavier individuals with larger 
horns or antlers are dominant and sire more offspring (Coltman et al., 2002; McElligott et 
al., 2001; Preston et al., 2003). The size of secondary sexual traits could also signal 
individual quality (Malo et al., 2005; Weladji et al., 2005). Finally, morphological 
measurements are also important to evaluate the consequences of different conservation 
strategies (Coltman et al., 2003). 
Biologists can easily measure morphological traits on dead or live-captured animals 
(Jorgenson et al., 1998; Malo et al., 2005). However, live captures are typically costly, 
often involve some risk of injury or substantial disturbance to the animals, and are 
impossible in many situations (Cote et al , 1998; Pelletier and Festa-Bianchet, 2004). 
Consequently, biologists often capture animals only once to mark individuals and take 
body measurements at that time only. Very few studies have collected repeated 
morphological measurements on marked individuals. A method of measuring free-ranging 
animals would avoid the risks associated with captures, and provide longitudinal data that 
could be useful for many fundamental and applied research objectives. 
In bovids, male horn size often correlates with annual reproductive success, is sensitive to 
resource abundance (Coltman et al., 2002; Jorgenson et al., 1998), and in ibex (Capra ibex) 
is a predictor of survival (von Hardenberg et al., 2004). Therefore, horn measurements are 
useful to understand population and behavioral ecology of ibex. However, as in most 
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ungulate studies, biologists only catch and individually mark ibex in the Gran Paradiso 
National Park (GPNP) once. Bassano et al. (2003) developed a method to weigh 
individuals without handling for this population. Here I present a technique to measure 
annual horn growth of free-ranging ibex. My method involves the use of commercially 
available laser pointers and a digital camera. 
STUDY A R E A 
The GPNP is located in the Italian Alps (45°26'N, 7°08'E). Ibex males winter at elevations 
of 1,500-2,300 m and migrate in mid-June to their summer range (2,300-3,500 m) 
dominated by alpine meadows, rocks, and cliffs. During fall 2005, park wardens counted 
95 males and 112 females in the Levionaz study area, including 55 males marked with ear 
tags or radio collars. 
M E T H O D S 
I based my technique on the principle that parallel lasers are equidistant regardless of the 
distance from the origin. I designed an L-shaped frame, cut from a single block of 
aluminum, to hold two lasers and a camera (Fig. 1). The vertical section has 2 parallel 
holes in which I inserted and immobilized lasers with screws. Preliminary field trials 
suggested that a distance of 4.0 cm was adequate for annulus measurements, thus I drilled 
the holes 4.0 cm apart. Green laser is much more visible than standard red laser in 
daylight; therefore I used green laser pointers (Module GLP-COII-05a, Apinex, Montreal, 
PQ, Canada). I cut the laser pointers to connect both to the same on-off switch and to 
reduce their length by removing the battery casing (Fig. lb). A modified flashlight holds 
the 2 AA (1.5 V) batteries. I used a digital Fuji Finepix S5100 camera (Fuji Photo Film 
U.S.A., Inc, Valhalla, NY) with 4 megapixels and an optical zoom of 10X. The entire 
apparatus including the camera cost about US$600. The lasers are classified IIIA; therefore 
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contact with eyes should be avoided but there are no risks of injury associated with a short 
accidental exposure. The single switch turns both lasers off simultaneously to avoid 
projecting them on the eye of the animal. 
Figure 1: The aluminum frame holding two parallel lasers and a camera used to 
photograph ibex in the Gran Paradiso National Park, Italy, summer 2005. (a) A: lasers, B: 
"L" frame, C: battery casing, D: on-off switch, E: camera, F: vertical section of the "L" 
frame cut vertically and holding each laser with two screws, G: connection to the on-off 
switch, (b) H: Back of the lasers cut and connected together to the switch. Photo by P. 
Bergeron. 
13 
I took digital pictures of ibex horns showing the two parallel laser points separated by a 
known width (Fig. 2). From these pictures, I calculated annulus length as Ar = (Ap I Lp) x 
Lr where A and L refer to the annulus length and the distance between laser points, while 
the subscripts r and p refer to real measurements and picture measurements, respectively. 
Lr is the fixed distance between the parallel lasers at the source. Annuli are obvious 
because of a sharp demarcation left by the cessation of horn growth in winter (Fig. 2). 
Figure 2: Lasers (PI and P2) aimed at the left horn of an ibex in the Gran Paradiso 
National Park, Italy, summer 2005. From this picture, I measured 4 visible annuli (white 
dots). Photo by P. Bergeron. 
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Annulus length measured from a picture can only decrease as the horn is tilted from a 
perfect vertical. The measure Ap decreases according to the relation Ap = Apsm(d) where 6 
is the tilt angle and Ap' is the observed measure on the picture. Since sin(0) can vary 
between zero and one, Ap < Ap. The distance between the laser points will increase as the 
horn surface tilts, but its projection on the picture will remain constant. Accordingly, the 
ratio of the annulus length over the distance between laser points in the photo can only 
underestimate the annulus length as the horn tilts. Therefore, when researchers take 
repeated pictures of the same annulus, the longest (or asymptotic) calculated annulus 
length will provide the most accurate estimate. 
To test their parallelism, I shot the lasers on graph paper held perpendicular at a distance of 
approximately 15 m. I adjusted the lasers before each series of pictures of one individual 
ibex, and I checked their parallelism on graph paper after each photo session. The digital 
camera allowed multiple pictures of the same individuals, and I discarded pictures where 
the target annulus was obviously not perpendicular to the laser beams. 
I downloaded the pictures in Paintbrush (Microsoft® Paint 5.1, Redmond, WA) and 
measured the distances Ap and Lp in pixels. To test the precision of the system, I measured 
76 annuli from both horns of 7 ibex skulls 10 m away with the system fixed on a tripod. 
Then I used linear regression forced through the origin to compare these measurements 
with the annulus length measured with a ruler to the nearest millimeter. A slope of one 
indicates that lengths estimated with the lasers are unbiased. I also manually measured 2 
live ibex captured for ear tagging, repeatedly photographed them while free-ranging later 
in the summer, and compared the annuli measurements taken at capture with those 
estimated from photographs. Finally, I took a series of photographs of 75 annuli from 16 
free-ranging ibex (Fig. 3), from June to August 2005 (> 1 d apart) to calculate the 
repeatability (r) of multiple measurements of the same annulus. This method uses a one-
way analysis of variance (ANOVA) to compare the mean square (MS) of multiple 
measurements of a given annulus (within, w), and among (a) all measured annuli. I 
calculated repeatability using MSW, MSa, and a coefficient accounting for the unbalanced 
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distribution of multiple measurements and sample size (see results). Value of r ranges 
from zero to one, zero being no repeatability and one indicating perfect repeatability of all 
measurements of a given annulus. Repeatability will approach one if MSW is significantly 
smaller than MSa (see (Lessells and Boag, 1987) for a detailed description of the 
calculation of r). I took every measurement as a straight line along the center of the 
external side of the horns, which is the flattest section of the horns. 
Figure 3: The lasers and camera handheld to photograph ibex males in the Gran Paradiso 
National Park, Italy, summer 2005. Photo by J.-S. Babin. 
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RESULTS 
Comparison of Photographic Estimates with Annuli Measured by Hand 
The slope of the regression line of the lengths of 76 annuli measured on ibex skulls using 
the photographic technique with those hand-measured approaches one, indicating that the 
measurements using the lasers are unbiased compared to the manual measurements (b = 
1.003, SE = 0.003, r2 = 0.999, Fig. 4). For 93.4 % of the annuli (71/76), the estimated 
lengths from photographs were within 2 mm of the measured lengths, or 3.9% of the mean 
length (x = 51 mm, SE = 1.8 mm, n = 76) of the measured annuli. Only one remote 
measurement differed by 4 mm from the manual measurement. 
For the 2 ibex captured in 2005, all annuli lengths estimated from pictures after their 
release were within 3 mm of the manual measurements, or 5.2% of their mean length (x = 
58 mm, SE = 1.7 mm, n = 27). 
Calculation of Repeatability with Free-Ranging Individuals 
To estimate the repeatability of laser measurements, I repeatedly photographed 75 annuli 
from 16 free-ranging individuals (43 twice, 18 3 times, 12 4 times, and 2 5 times) during 
summer 2005, representing 29% of the marked population (16/55). Repeatability (r) of 
these measurements was very high (^ 74,123 = 315.08, r = 0.992, P <0.001) and only 3.14% 










Tape-measured annuli (mm) 
Figure 4: Regression (forced through the origin) of the measurement of 76 annuli from 7 
ibex skulls measured with a tape and with lasers. Skulls came from animals found dead in 
the Gran Paradiso National Park, Italy, and we measured them during summer 2005. 
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DISCUSSION 
Using this simple technique, I obtained accurate and highly repeatable horn measurements 
of free-ranging animals. Measurement precision was comparable to that of studies on horn 
length based on measurements of anesthetized individuals or dead specimens (Fandos, 
1995 [3 mm]; To'igo et al., 1999 [5 mm]). This system is also relatively inexpensive and 
one person can measure animals repeatedly. Given the importance of horn length for 
individual fitness, this method will help understand the life-history strategies of ibex and 
the correlation or horn growth with environmental variables (Giacometti et al., 2002; von 
Hardenberg et al , 2004). 
Limitations of this method include the short range at which it is efficient and the surface it 
can measure. With a similar technique, Durban and Parsons (2006) used a lens to 
concentrate the laser beams, increasing the distance at which they were able to measure the 
fins of killer whales (Orcinus orca). To have a precise measurement, parallelism of the 
laser must be accurate and the structure being measured must be perpendicular to the 
beams so that the laser projections on the image are at the same distance apart as the laser 
pointers. To reduce the risk of edge distortion, researchers should use only pictures in 
which the laser points and the measured object are in the center of the frame. The method 
is most appropriate on a fixed camera setup because the lasers do not move, substantially 
reducing the need to frequently check laser width. Researchers can underestimate 
measurements on photographs when the surface tilts. However, with a digital camera, one 
can take many pictures at low cost and then measure those that appear most perpendicular. 
Some structures, however, may be more challenging to measure using this system, such as 
the horns of bighorn sheep (Ovis canadensis) that have a complex three-dimensional 
shape. Addition of a third laser on the setup may create a triangle with known angles (e.g. 




The projection of parallel lasers provided precise measurements of annuli length without 
the need to handle the animal. Other potential applications of this technique include total 
horn or antler length of species with relatively straight ornaments, scrotum diameter, body 
length, leg length, and any linear body measurements. Also, by providing a reference point 
of known dimensions, my method could help measure body features (e.g., fur or skin 
patterns, scars), and increase the reliability of individual photographic identification. I 
recommend the use of a blind at bait site or modifications fitting parallel laser beams on 
cameras triggered by movement for studies that involve species that are difficult to 
approach. 
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CHAPITRE II 
FIGHTING AVOIDANCE AND DUAL UTILITY OF SECONDARY 
SEXUAL CHARACTERS AS DIRECT DETERMINANTS OF 
SOCIAL RANK IN MALE ALPINE IBEX {Capra ibex) 
by 
PATRICK BERGERON, STEFANO GRIGNOLIO, MARCO APOLLONIO 
& MARCO FESTA-BIANCHET 
Description de I'article et contribution 
Due a la difficulte d'obtenir des mesures de masses corporelles et de tailles des comes de 
facon longitudinale, la plupart des etudes sur le rang hierarchique des ongules males ont 
des mesures soit de l'une, soit de l'autre mais aucune n'a encore examine leurs effets 
combines sur le rang qu'occupe un individu. De plus, il y a tres peu de papier qui montrent 
la relation allometrique entre la taille des cornes et la masse corporelle d'un meme 
individu. Grace au systeme de Bassano et al. (2003) pour peser des animaux en liberie et 
des lasers presenter dans le chapitre precedent, il est desormais possible d'avoir des 
mesures repetees de masses et de cornes sur un meme individu. En beneficiant des 
avancees statistiques de Shipley (2000), nous avons fait une etude sur les determinants du 
rang hierarchique des males bouquetins qui integre a la fois les donnees de masse, d'age et 
de taille de cornes. De plus, nous avons teste la theorie qui predit que la taille des cornes 
des males devrait refleter leur qualite et done les individus aux petites cornes devraient 
eviter les combats violents contre des individus a grandes cornes, et ainsi minimiser le 
risque de blessures. Ma contribution a ce manuscrit est importante car j ' a i eu l'idee de 
Particle, j 'a i fait toute la collecte des donnees de cornes, et j 'a i recolte les donnees de 
masse et de hierarchie en 2006. J'ai fait toutes les analyses et redige le manuscrit. Les 
Drs. Grignolio et Apollonio ont fourni les donnees de dominance en 2003 et commente le 
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manuscrit. Dr. Festa-Bianchet m'a donne de judicieux conseils lors de la collecte de 
donnees, de Fanalyse, et de la redaction du manuscrit. 
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Abstract 
Social dominance is an important aspect of male evolutionary ecology in polygynous 
ungulates, because it has profound effects on their fitness. Dominance interactions among 
male Alpine ibex (Capra ibex) result in a linear social hierarchy and we studied how 
individual traits affect rank. Using path analysis, we tested whether an interaction between 
body mass and horn size, which are key traits in male-male combats, directly affects social 
rank. Ibex males show much age-independent phenotypic heterogeneity, hence we also 
hypothesized that young males or males in poor condition would assess the relative 
strength of potential opponents based on body size and horn length, and avoid escalated 
interactions with larger males. The interaction between body mass and horn length is the 
most important determinant of social rank and reflects the high variability in rank observed 
within a given age. There is a nearly isometric relationship between body mass and horn 
length and the covariance path between these two variables is 0.612. Age affected rank 
indirectly because rapidly-growing males reached high social rank at a younger age than 
slow-growing males. Males avoided escalated interactions with competitors of larger body 
mass and horn length. Given that males do not compromise longevity for horn growth, our 
results suggest that, for high-quality males, the potential costs of rapid growth are weak 
compared to the fitness benefit of achieving high dominance status. The strong sexual 
dimorphism of Alpine ibex suggests that sexual selection favors rapid growth of both body 
mass and horn length. 
Key words: Hierarchy, Dominance, Horn, Body mass, Path analysis, Sexual selection 
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INTRODUCTION 
In seasonally breeding polygynous species, most females only produce a single young or 
litter each year, while males can potentially father a large share of the next cohort (Kodric-
Brown and Brown 1984). In these species, dominant males can mate with a large number 
of females (Andersson 1994). Because it has a profound effect on fitness, social 
dominance among males is an important aspect of their evolutionary ecology. A 
dominance relationship exists if the outcome of repeated aggressive interactions between 
two individuals (a dyad) is consistently in favor of one dyad member (Drews 1993). 
Within stable social groups, it is often possible to determine individual social rank based 
on dyadic dominance relationships (Barrette and Vandal 1986). Several studies of 
polygynous ungulates found positive correlations between male social rank and 
reproductive success (Clutton-Brock et al. 1979; Hogg and Forbes 1997; McElligott et al. 
2001). 
Many polygynous ungulates are sexually dimorphic in body and weapon size, which are 
key traits affecting male intrasexual dominance interactions (Geist 1966a; Clutton-Brock 
1982; Loison et al. 1999). These traits may be under strong sexual selection (Andersson 
1994) and correlate with social rank. Although it is often assumed that body mass of male 
ungulates is an important determinant of social rank, few studies have empirically 
compared adult mass and rank (McElligott et al. 2001; Pelletier and Festa-Bianchet 2006). 
Studies that examined horn or antler length generally found a positive relationship between 
these traits and male social rank (Barrette and Vandal 1986; Alvarez 1990). Very few 
longitudinal studies, however, were able to combine measurements of body mass, horn or 
antler length, age, and their effect on male rank or reproductive success (but see Coltman 
et al. 2002; Preston et al. 2003). The scarcity of comparisons is partly due to the difficulty 
of measuring body mass and horn size in free-ranging marked adult ungulates. 
Consequently, little is known about the relative roles and potential interactions between 
age, mass and weapon size in determining male social rank. 
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Rapid horn growth could allow earlier reproduction at the expense of survival and future 
reproductive success (Geist 1971; Robinson et al. 2006). Ornament of ungulates, however, 
appears to be an honest signal of condition (Malo et al. 2005; Weladji et al. 2005; Vanpe et 
al. 2007). Large horns on a male in poor condition may result in more challenges by other 
males and a greater risk of injury from fighting (Geist 1971; Clutton-Brock et al. 1979). 
There is increasing evidence that high-quality males can allocate much energy to both 
maintenance and growth of sexually selected characters (Reznick et al. 2000; Kodric-
Brown et al. 2006). Consequently, rather than an allocation trade-offs between body size 
and weapon development, these studies suggest that individual quality is the major 
determinant of variability in size of individual traits. For example, Coltman et al. (2002) 
reported that in bighorn sheep (Ovis canadensis), both horn length and body mass were 
correlated with male reproductive success. It remains unclear, however, how ungulate 
males may allocate metabolic resources to body and horn growth to increase their social 
rank. 
As male ungulates age they become larger and also more experienced, therefore age plays 
an important role in dominance relationships (Hass and Jenni 1991; Pelletier et al. 2003). 
Consequently, it may be advantageous for young males or males in poor condition to avoid 
unnecessary fights until they can benefit from both their body size and maturity. For 
instance, injuries could be reduced if males used body size and horn length to assess the 
relative strength of potential opponents, and avoid larger males (Parker 1974; Clutton-
Brock et al. 1979; McElligott et al. 1998). Therefore, horns and body size could serve both 
as weapons and as a signal of fighting ability (Geist 1966b; Clutton-Brock 1982). 
However, this hypothesis still requires a direct empirical test. 
Here we use data collected during two years on marked Alpine ibex (Capra ibex) males to 
compare the relative roles of horn length, body mass and age in determining social rank 
and their impact on behavior during intrasexual aggressive encounters. Alpine ibex are 
strongly sexually size dimorphic: fully-grown males are more than twice as heavy as adult 
females (To'fgo et al. 1999), and male horns are three times as long as female horns. Based 
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on earlier research on other ungulates (Barrette and Vandal 1986; Cote 2000a; Pelletier and 
Festa-Bianchet 2006), we hypothesized (HI) that males would form a linear dominance 
hierarchy with stable dyadic relationships. We also expected a positive relationship 
between horn length and body mass (H2). Ibex males show much phenotypic 
heterogeneity (Toi'go and Gaillard 2003), thus we predicted (H3) that the interaction 
between body mass and horn length would be the most important determinant of social 
rank. Finally, because ibex males are long-lived and appear to adopt a conservative growth 
strategy (Toi'go et al. 2007), we predicted (H4) that small males would avoid aggressive 
interactions with larger competitors. 
METHODS 
Study Area and Population 
We studied ibex in the Levionaz basin (1700 ha, 1700 - 3300 m above sea level (a.s.l.)) in 
the Gran Paradiso National Park (GPNP, 45°26' N, 7°08' E), Western Italian Alps. Large 
predators such as lynx {Lynx lynx) and wolf (Canis lupus) have been extirpated for about a 
century, whereas livestock has been absent for about fifteen years. Legal trophy hunting in 
the Park ended during the Sixties. From late May to December, ibex males mostly use 
high altitude (2300 - 3300 m a.s.l.) habitats consisting mainly of cliffs, steep slopes and 
Alpine meadows where Carex curvula and Festuca spp. are the dominant graminoids. 
Male ibex spend the winter at lower altitudes (1700 - 2300 m a.s.l) characterized mainly by 
coniferous woods (Picea abies, Larix decidua, Pinus cembra), bushes (Rhododendron 
ferrugineum, Vaccinium myrtillus, Juniperus communis) and pastures near villages 
(Grignolio et al. 2003). The number of ibex censused in the study area decreased from 108 
males, 119 females and 30 kids and yearlings in 2003 to 80 males, 83 females and 40 kids 
and yearlings in 2006. Since 1992, Park wardens have captured males for marking and to 
evaluate health status. Details about capture and marking are provided in von Hardenberg 
(2005). We observed 52 males in 2003 and 53 in 2006, marked individually with unique 
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combination of colored plastic ear-tags or radio collars. During captures, we calculated the 
exact age of males by counting the clearly separated horn annuli (von Hardenberg et al. 
2004). 
Dominance data: 2003 and 2006 
We observed agonistic interactions ad libitum between marked males during two weeks 
per month from March to October 2003, and most days from late April to mid-August 
2006. We used binoculars (10 x 42) to record agonistic interactions during daylight hours, 
for a total of > 650 h of observation each year. We used the following four behaviors as a 
sign of dominance of male A over male B: (1) Mounting: A mounted B; (2) Displacement: 
A walked towards B while threatening it with its horns, and B ran or walked away. 
Displacements happened during foraging or resting. Male A would usually forage or rest 
at the exact same site from where B was displaced. In 2006, we also classified 
displacements as "escalated" if they involved direct violent interactions and as "non 
contact" if they did not. (3) Horn fight: after a fight involving frontal horn clashes, 
sideways horn slashes and horn pushing, B avoided A while A attempted to interact with 
B. (4) Procession: after a horn fight, B walked away and A followed it closely. Social 
interactions with no clear winner were excluded from analyses. For example, after a 
frontal horn clash, males would often simply resume other activities. 
We also included interactions at two artificial salt licks that we used as a bait to weigh ibex 
(Bassano et al. 2003). The licks were in a very open area where males could easily see 
each other and, presumably, decide whether or not to initiate an interaction. Only 
displacements from the salt were recorded in 2003 but we also recorded three other 
behaviors in 2006: (1) Monopolize salt: male A licks the salt and other males are nearby, 
clearly wanting to access the salt. We recorded A as being dominant only to males that 
approached the salt after he left. (2) Resist displacement: A is at the salt and B tries 
unsuccessfully to displace it. (3) Salt scooping: A and B move toward the salt and A 
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prevents B from approaching the salt. To be used to establish a dominance relationship, 
this interaction must conclude with B licking the salt after A left. 
Body Measurements 
From 2000 to 2006, males were repeatedly weighted every summer with two scales located 
at salt licks (Bassano et al. 2003). Body mass gain was linear from May to August (von 
Hardenberg 2005), therefore we adjusted the mass of each male to August 1st, using a 
linear mixed effect model (LME, (Pinheiro and Bates 2000)) with individual identity fitted 
as a random term. This approach controlled for daily fluctuation in mass that may affect 
the estimation of body mass with simple linear models. We adjusted body mass of males 
weighted at least twice in each summer. In 2000-2006, we obtained 219 weights from 75 
males (Fig. la). We estimated mass on August 1st for 28 males in 2003 and 30 males in 
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Figure 1 : a: The relationship between body mass adjusted to August 1st and age for Alpine 
ibex males at Levionaz, Italy, 2000 to 2006 (n = 219 adjusted yearly masses from 75 
individuals), b: Relationship between age and total horn length (346 yearly measurements 
from 36 males). 
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Annual horn increments were measured along the outside curvature of the horns on males 
aged 2 to 11 years, captured for marking. In addition, we measured 346 annual horn 
increments of 36 marked males (Fig. lb) using parallel laser pointers and a digital camera 
(Bergeron 2007). We also measured with a tape the horn increments of eight marked 
males that were recovered dead. Because it is difficult to measure the linear distance 
between annuli in the (curved) front of the horns on photographs, we standardized horn 
measurements by including the frontal measurements of the first four annual increments 
obtained during captures, and lateral measurements for all subsequent annual increments, 
except for three males captured when younger than four years, for which some frontal horn 
increments were measured from photographs. Total horn length was the sum of annual 
horn increments. We did not include the increment grown during the year when rank was 
determined because most interactions were observed during late spring and summer, before 
annual horn growth was completed. We chose which horn we measured based on the 
position of the ibex when taking photos. Ibex horns do not show directional asymmetry 
(von Hardenberg et al. 2004). We calculated horn length of 22 males in 2003 and 33 in 
2006 for which we also had an estimate of social rank. 
Statistical Analyses 
We calculated social rank separately for 2003 and 2006 for marked ibex that interacted 
with at least five other males. We organized each dyad in a dominance matrix using 
Matman 1.1 for Windows (Noldus Information Technology 2003) and calculated the 
linearity index h' (de Vries 1995), which is based on the Landau index (Landau 1951), but 
corrects for unknown relationships. The value of /*' ranges from 0 (no linearity) to 1 
(perfect linearity) and we assessed its significance based on 10 000 randomizations. 
Because the social hierarchies in 2003 and 2006 were significantly linear (Table 1), we 
ranked males in a linear hierarchy. We used a two-steps iterative procedure (1000 
sequential trials (Taillon and Cote 2006)) that minimizes first the number and then the 
strength of inconsistencies. An inconsistency occurs when individual B dominates 
individual A despite its lower position in the hierarchy (de Vries 1995; de Vries 1998). 
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We also calculated the directional consistency (DC) index, the probability that the outcome 
of an agonistic interaction is the same as that observed during earlier encounters of the 
same dyad. A DC value of 1 indicates perfect predictability based on previous encounters, 
and 0 means no predictability. The number of males included in the yearly social 
hierarchy differed (2003 = 36, 2006 = 39). Therefore, to compare data from the two years, 
we calculated the relative position of each male each year as 1- (rank/NO where Nz is the 
total number of males in the hierarchy during year i (Cote 2000b). Males with a rank value 
approaching 1 are dominants and males with a value approaching 0 are subordinates. We 
combined social rank of males in 2003 and 2006 but removed 17 individuals in 2003 that 
were also observed in 2006 to avoid pseudo-replication in analyses of the determinants of 
rank. We chose 2006 as the reference year to maximize our sample size. Determinants of 
rank were explored using 33 males of known rank, mass, horn length and age. 
























* Linearity index 
f P-value associated with the linearity test of the h' index, h' value not significantly 
different from 0 would mean no linearity 
J Directional consistency index in encounter outcome 
We used LME to investigate the allometric relationship between log-transformed horn 
length and body mass for 2 age classes of males (4-7 years old: n = 60 measures from 28 
males; 8-14 years old: n = 40 measures from 20 males), using all data available from 2000 
to 2006. Between 7 and 8 years of age, males enter the 'mature' life stage. Their body 
growth decelerates (Fig. la), and survival probability decreases (Toigo et al. 2007). We 
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had no males with measurements of both body mass and horn length before 4 years of age. 
We fitted a two-age-class model with the log of horn length as the response variables and 
the log of body mass, age class and their interaction as fixed terms (Machlis et al. 1985). 
We used a backward procedure removing non-significant terms from the full model. Ibex 
identity was fitted as a random term because body mass and horn length were measured on 
some males during more than one year. 
Because of the strong correlations between body mass, horn length, and age (Fig. 1, Fig. 
2), we assessed the causal links between these variables and social rank with path analysis, 
using a structural equation model (SEM) approach (Shipley 2000). We constructed a 
hypothetical causal path model based on the assumption that high social rank would be 
reached by the most competitive high quality males. Therefore, males with longer horns 
and heavier mass (accounted for by the interaction between these two variables), should 
reach higher social rank than smaller males, independently of age. Therefore, our model 
tested if the interaction between body mass and horn length was the only direct cause of 
social rank, with age having an indirect effect (Fig. 3). We also included a covariance path 
between horn length and body mass to account for age-independent variation in individual 
quality (positive correlation between horn length and body mass, H2). This method 
calculates the SEM based on our hypothesized causal paths (Fig. 3), generates a predicted 
covariance matrix, and compares it with the observed covariance matrix using maximum 
likelihood chi-square statistics. Path models were built with EQS 6.1 for Windows. 
Because horn length, body mass (Fig. 1) and rank (Fig. 4) increase non-linearly with age, 
we included in the analysis the square-root of age and calculated a linear SEM. We 
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Figure 2: Relationship between log-transformed horn length and log-transformed body 
mass for ibex males aged 4-7 years (filled circles, thick line, 60 observations from 28 
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Figure 3: Path-analysis of the determinants of social rank in males Alpine ibex linking age 
and physical traits (body mass and horn length) with social rank. The solid arrows 
represent significant path included in the final best-fit model, and the numbers are the 
standardized path coefficients (allow the comparison of the path coefficients independently 
of the magnitudes of the variables). Dotted arrows represent non significant paths tested in 
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Fig. 4: Relationship between age and social rank for Alpine ibex males aged 5 to 13 years 
(65 observations from 51 individuals) in 2003 and 2006, Levionaz, Italy. 
We modeled the probability to observe an escalated (0) or non-contact (1) interaction for 
all dyads in 2006, given the difference in age, body mass, and horn length between the 
members of each dyad. Because of the correlations among these variables, we fitted two 
logistic mixed models with the type of interaction as a binary response variable. The first 
model included only the difference in age as an explanatory variable. In the second model, 
for relative horn length we used the residuals of the linear regression between horn length 
and body mass, and included the difference between members of the dyad in both body 
mass and mass-adjusted horn length as explanatory variables. Because dominance is an 
attribute of a pair of individuals and not of a single individual (Barrette and Vandal 1986), 
we fitted dyad identity as a random term. We performed all generalized linear mixed 
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model (GLMM) analyses using R 2.2.1 (R Development Core Team 2005) with the 
"glmmPQL" function included in the "MASS" package with a binomial distribution and a 
"logit link" function using a penalized quasi-likelihood procedure. 
RESULTS 
Social Rank 
Ibex males established a linear hierarchy in both years (Table 1). The high Directional 
Consistency index (Table 1) indicates that the outcome of interactions for the same dyad 
was highly predictable from previous interactions. Including interactions observed at the 
salt lick did not change the strength of the analysis. For example, in 2006, removing 
interactions observed at the lick increased marginally the linearity index (/*' = 0.28, p < 
0.001) and the DC index (0.96), but reduced our sample to 31 individuals from 39 (321 vs 
491 interactions). 
Allometry of body mass and horn length 
Although ibex males reached asymptotic body mass at about 9 - 1 0 years (Fig. la), the 
slope of the relationship between horn length and body mass did not differ significantly 
between ibex aged 4-7 years and those aged 8-14 years (Fi,64 = 0.93, p = 0.34, Fig. 2). For 
a given body mass, males older than 8 years had longer horns, but males that were above 
average in mass also had above average horn length, independently of their age class (Fig. 
2). The overall positive slope ignoring age-class approached 1 (slope + SE = 0.98 + 0.04, 
Fi,66 = 748.13,/? < 0.001, r2= 0.80). Therefore, at all ages, there was substantial individual 
heterogeneity in body mass and horn length. For example, the largest 8-year-old was about 
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55% heavier than the lightest one (65.2 vs 101.1 kg, Fig. la) and had horns 37% longer 
(55.7 vs 76.5 cm, Fig. lb). 
Determinants of social rank 
Our final hypothesized path analysis model presented a strong fit to the data observed on 
male ibex as indicated by the high/? - value of the goodness-of-fit test (x = 2.953, df = 4, 
P = 0.566). It suggested that a male's rank was directly influenced by the interaction 
between horn size and body mass (Table 2), according to the following structural equation 
(coeff. ± SE): 
Rank = 0.257 ± 0.023 (Body mass x Horn length), r2 = 0.789, SE
 residuai= 0.459 
Larger males reached high social rank independently of their age because when horn 
length and body mass were accounted for, path analysis revealed no direct causal 
relationship between age and social rank (Table 2, Fig. 3). The direct covariance path 
between horn length and body mass, after accounting for age effects, suggests a strong 
individual heterogeneity (Table 2, Fig. 3). Although age did not have a direct effect on 
social rank (Table 2, Fig. 3, Fig. 4), it had a substantial indirect effect on rank through its 
direct effects on both horn length and body mass. 
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Table 2: Path coefficients with standard error (SE) and test statistics, describing the causal 
links between age, morphology and social rank in Alpine ibex males. Coefficients of the 
final model were calculated after removing non-significant (NS) paths from the full model. 
Rank is best explained by the interaction between body mass (BM) and horn length (HL) 
indicated by BMbyHL (n = 33). 
Model Coefficients SE z - value p - value 
NS paths 
sqrtAge -* Rank 
B M ^ Rank 
HL-^ Rank 
Final model 






We used two mixed effect logistic regression models (glmmPQL) to calculate the 
probability of an escalated or non contact interaction depending, in the first model, on the 
difference in age, and in the second model, on the difference in body mass and in horn 
length corrected for body mass among members of a dyad. We observed 69 escalated 
interactions and 58 non contact interactions for 69 different dyads. Difference in age 
within a dyad had no effect on the type of interaction observed (estimate + SE = 0.271 + 
0.176, t = 1.54, p = 0.129). In the second model, both variables affected the probability of 


































A corrected horn length: 0.120 + 0.036, t = 3.304,p = 0.002). The greater the difference in 
mass and horn length within a dyad, the more likely that a non-contact interaction would 
occur, independently of the age of the two males. 
DISCUSSION 
We found a strong linear social hierarchy among male Alpine ibex. The linearity index K 
was weaker in 2003 than in 2006, possibly because of the lower proportion of dyads that 
were observed interacting in 2003 (Cote 2000b). For the highly hierarchic bighorn sheep, 
Pelletier and Festa-Bianchet (2006) found linearity indexes ranging from 0.33 to 0.57 
during 5 years of observations when they saw interactions among 49-71% of possible 
dyads. Similarly to what we found in ibex (0.89 and 0.95), they also reported Directional 
Consistency indices of 0.93 to 0.96. The very high Directional Consistency indexes each 
year suggest that established social relationships are usually respected within dyads. 
Social interactions of male polygynous ungulates are commonly collected during the pre-
rut because males gather to form bachelor groups (McElligott et al. 1998; Pelletier and 
Festa-Bianchet 2006). Social rank based on these observations is a very good predictor of 
ram access to estrous females (Hogg 1984). Because of poor accessibility, it is difficult to 
observe ibex during the rut. However, male ibex form large bachelor groups at the end of 
spring and throughout the summer and we showed that it is possible to construct a social 
hierarchy based on dominance interactions that are easily recorded during that time. We 
reported high DC indexes, therefore individual rank position remained stable until the end 
of the summer. There is no reason to believe that rank will switch until the rutting period 
because rank is directly affected by body mass and horn length that do not vary much 
during fall. McElligott et al. (2001) found that late-August pre-rut dominance rank was 
strongly related to rut dominance rank and was correlated with mating success in fallow 
deer (Dama dama). Social rank obtained from observations during spring and summer 
should be an important fitness-related character in ibex because it is likely indicative of 
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rank during the pre-rut and should be a strong correlate of individual reproductive success 
during the rutting period of that year (Hogg and Forbes, 1997). 
We found a positive relationship between body mass and horn length independently of age, 
suggesting that there are no trade-offs between horn length and body mass. Each male 
appears to maximize both traits as allowed by his phenotypic quality and ability to obtain 
resources. Coltman et al. (2005) also reported a positive correlation between horn length 
and body mass in bighorn sheep rams. The strong covariance path between horn growth 
and body mass, at a given age, also reflects the positive relationship between these traits. 
Thus, there is little residual variability in one trait not associated with the other: there are 
no heavy males with short horns or light males with large horns. The potential benefit of 
this growth pattern is revealed by the positive effect of the interaction between body mass 
and horn length on social rank. Usually, relationships between secondary sexual characters 
and body mass have allometric slope coefficients ranging between 1.5 and 2.5 (Kodric-
Brown et al. 2006) as larger males develop disproportionately larger secondary sexual 
traits. Males ibex do not compromise their survival by growing very large horns (Bergeron 
et al. in press) and we found a conservative, nearly isometric, relationship between horn 
length and body mass. Thus, horns are not disproportionately longer among large ibex. 
Both traits covary and appear to reflect individual quality: some males apparently obtain 
enough resources to grow large horns and heavy body mass, while others remain small. 
Vanpe et al. (2007) reported marked age-specific variation in antler size for male roe deer 
(Capreolus capreolus), which increased allometrically with body mass. Prime-age males 
grew relatively longer antlers than yearling and old males. However, old males in good 
condition still grew relatively long antlers. We found a positive relationship for older ibex, 
despite larger variability. Consequently, males reaching their asymptotic body mass at 
relatively light mass also have short horns, providing no support for the hypothesis that 
males face a trade-off between asymptotic body mass and horn length. 
To our knowledge, this is the first study to examine the combined effects of individual 
mass, age and horn size on male social rank of any ungulate. Ibex are strongly sexually 
40 
dimorphic in body size and horn length, and we found that the heavier males with long 
horns are at the top of the social hierarchy, independently of their age. Although many 
earlier studies found an effect of age on male social rank, most were unable to partition the 
potential effects of body mass and other secondary sexual characters whose development is 
generally correlated with age. For example, Coltman et al. (2002) found that horn length 
of bighorn rams was the trait most positively correlated with reproductive success, but 
were unable to tease apart the relative importance of horn length and body mass. 
McElligott et al. (2001) showed that body size but not body mass of fallow deer males 
affected positively their mating success. However, their analyses did not consider the 
potential effects of antler length. Pelletier and Festa-Bianchet (2006) found that body mass 
was a strong correlate of social rank in bighorn rams, but did not have measurements of 
horn length. Preston et al. (2003) found that feral Soay sheep (O. aries) rams with long 
horns had a greater chance to reproduce, independently of their body mass or age. 
However, several aspects of the life-history strategies of feral sheep differ from those of 
ibex: males can breed as lambs and hardly any survive beyond 6 years of age (Stevenson 
and Bancroft, 1995; Robinson et al., 2006). In Alpine ibex, yearly male survival is 5-15% 
higher than for males of most other species of ungulates (Toi'go et al. 2007) so that most 
males survive to maturity, independently of phenotype. Both body mass and horn length 
are important determinants of social status and their covariance explains the high 
variability in rank for a given age (Fig. 4). Our findings highlight the importance to 
integrate both mass and weapon size in studies of the determinants of social rank, 
especially in long-lived and slow growing species, where the effect of age could be 
buffered by strong individual heterogeneity. 
The strong sexual dimorphism of Alpine ibex suggests that sexual selection favors rapid 
growth of both body mass and horn length, because fast-growing males reached high social 
rank at a younger age than slow-growing males. We previously reported no effect of horn 
growth on longevity (Bergeron et al. in press) and here we found substantial overlap in 
both horn length and body mass among age classes. Therefore, our results suggest that, for 
a high-quality male, the potential costs of rapid growth are relatively weak compared to the 
fitness benefit of reaching high dominance rank (Dobson et al. 1999; Reznick et al. 2000). 
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Smaller males are unable to compensate for reduced growth early in life and appear to 
remain inferior competitors throughout life. We suggest that these males may attempt to 
use alternative mating tactics rather than allocation trade-offs (Hogg 1984). Nevertheless, 
our results suggest a potentially strong skew in life-time reproductive success toward fast-
growing males. 
As predicted, we found that males avoid escalating interactions with competitors that have 
larger body mass and horn length. Escalated interactions were rare and occurred mostly 
among males of closely matched physical attributes. Most escalated interactions ended 
within seconds. Small males avoid escalated interactions with large males that they are 
unlikely to beat. This behavior probably evolved to reduce risk of injuries (Geist 1971; 
Clutton-Brock et al. 1979) and may favor the survival of low-quality males. Our analysis 
suggests that relatively slow-growing males could benefit from surviving because of the 
direct positive effect of age on growth. A relatively low-quality male that survived to 12-
13 years of age may be near the top of the hierarchy simply because most males in the 
population will by then be younger and therefore smaller. Clearly, observations on age-
specific and phenotype-specific rutting behavior and on male reproductive success are 
required to determine the degree to which paternities are monopolized by a few highly 
dominant males. Compared to direct contests over estrous females, fighting avoidance 
could be more pronounced outside the rut, when the immediate benefit from a fight is 
minimal compared to the potential cost. 
Age alone did not explain why a male threatened by a conspecific refused to escalate the 
interaction. This result could be explained by the strong phenotypic heterogeneity among 
males where, for instance, a large 10 year-old male can be up to 30 kg heavier than a small 
12 year-old male. Interestingly, we found that, after correcting for body mass, the 
difference in horn length within a dyad affected negatively the probability of escalation, 
supporting the idea that males use horn length as a signal of quality. Dyadic relationships 
are unlikely to be established based on a single interaction. Instead, males may repeatedly 
assess the strength of their opponents (Pelletier and Festa-Bianchet 2004). Therefore, horn 
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length should be accepted by other males as an honest signal of quality as long as it 
remains correlated with body mass and condition, as revealed by a male's fighting ability 
when challenged to an escalated contest. In bighorn sheep, senescent males tend to avoid 
bachelor groups (Hass and Jenni 1991), possibly because their horn size is no longer an 
honest signal of their condition. Very old male ibex may lose mass (Fig. la), and we also 
obtained some anecdotal observations of males older than 13 years that appeared to avoid 
other adult males. 
In conclusion, as reported for many other polygynous ungulates, social interactions among 
male ibex result in a linear social hierarchy and social rank is likely to be a strong correlate 
of reproductive success. The interaction between body mass and horn length directly 
determined social status, while age only had an indirect effect on rank. Therefore, sexual 
selection should favor relatively fast-growing individuals that do not compromise between 
horn length and body mass, and could explain why such an important sexual dimorphism is 
maintained in this species. Our study, however, does not allow us to determine if selection 
is acting on both traits simultaneously or if it acts on one trait that is genetically correlated 
with the other. Horn length and body mass covary phenotypically but little is known about 
their genetic relationships. 
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Description de Particle et contribution 
L'etude de la relation entre la croissance des cornes et la longevite chez les ongules a 
gagne en popularity depuis que les gestionnaires tentent de documenter l'effet de la chasse 
comme pression selective negative sur la taille des cornes (Coltman et al , 2003). La 
probability qu'un male ongule soit tue par un chasseur est fortement affectee par la taille de 
ses cornes. Par consequent, les individus avec une forte croissance de cornes sont tues en 
bas age (Festa-Bianchet et al., 2004). La question est done de savoir si cette mortalite 
s'additionne a la mortalite naturelle (mortalite additive) ou affecte les individus qui 
seraient morts naturellement (mortalite compensatrice). Pour que la chasse au trophee 
donne lieu a une mortalite compensatrice, il faudrait que la mortalite naturelle augmente 
avec la taille des cornes des males. Tres peu d'etudes ont une taille d'echantillon 
suffisante ou un contexte ecologique depourvu de l'effet selectif de la chasse au trophee 
pour repondre a cette question qui reste au coeur des debats. Un article recent et 
controverse (Loehr et al., 2007) nous a incite a utiliser les donnees de mesures de cornes et 
de longevite deja publiees par von Hardenberg et al. (2004) afin d'analyser la relation entre 
la croissance des cornes en bas age et la longevite en absence de chasse au trophee. Ma 
contribution a cet article fut substantielle car j 'a i fait toutes les analyses et redige le 
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manuscrit. L'etude de la problematique, l'analyse et la redaction ont ete faites sous la 
direction du Dr. Festa-Bianchet. Les Drs. Von Hardenberg et Bassano nous ont fourni les 
donnees et conseille lors de la redaction. 
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Abstract 
In sexually dimorphic ungulates, sexual selection favoring rapid horn growth in males may 
be counterbalanced by a decrease in longevity if horns are costly to produce and maintain. 
Alternatively, if early horn growth varied with individual quality, it may be positively 
correlated with longevity. We studied Alpine ibex {Capra ibex) in the Gran Paradiso 
National Park, Italy, to test these alternatives by comparing early horn growth and 
longevity of 383 males that died from natural causes. After accounting for age at death, 
total horn length after age 5 was positively correlated with horn growth from 2 to 4 years. 
Individuals with the fastest horn growth as young adults also had the longest horns later in 
life. Annual horn growth increments between 2 and 6 years of age were independent of 
longevity for ibex whose age at death ranged from 8 to 16 years. Our results suggest that 
growing long horns does not constrain longevity. Of the variability in horn length, 22% 
could be explained by individual heterogeneity, suggesting persistent differences in 
phenotypic quality among males. Research on unhunted populations of sexually dimorphic 
ungulates documents how natural mortality varies according to horn or antler size, and can 
help reduce the impact of sport hunting on natural processes. 




Male secondary sexual characters (SSC) may have evolved through sexual selection to 
increase the attractiveness of males as potential partners, their fighting ability, or both 
(Andersson, 1994; Darwin, 1871). Many studies have reported positive correlation 
between the size, color or complexity of SSC and mating success (mammals: Kruuk et al., 
2002; birds: Hill, 1991; fishes: Miller and Brooks, 2005; arthropods: Mappes et al., 1996). 
SSCs are thought to be energetically demanding to grow and maintain, and there is often 
much variability in their expression within a population, because only high-quality 
individuals can grow large traits (Zahavi, 1975). However, little is known about what 
fitness trade-offs they may involve (Kotiaho, 2001; Reznick et al., 2000). 
Life History Theory predicts that trade-offs between reproduction and survival should 
shape the evolution of SSCs (Roff, 2002; Stearns, 1992). If SCCs are costly, a positive 
selection on these characters (via increased fecundity) could be counterbalanced by a 
negative effect on survival (Brooks, 2000; Clinton and Le Boeuf, 1993; Moller, 1989). 
According to this theory, males that quickly grow large SSCs may reproduce at a young 
age, but because of the energetic costs of reproduction (through combats or courtship), 
they may suffer a decrease in survival. Males with slower SSC growth may survive to 
reproduce at an older age (Geist, 1971). Alternatively, individual heterogeneity in the 
capacity to acquire nutrients and allocate them to SSCs could lead to phenotypic variability 
in their expression (van Noordwijk and De Jong, 1986). High-quality individuals could 
acquire more resources than their conspecifics, and grow large SSCs without a trade-off 
with survival (Reznick et al , 2000; Service, 2000). Therefore, size, color or complexity of 
SSCs could be positively correlated with other fitness-related traits (Kodric-Brown et al., 
2006), including survival (Jennions et al., 2001; Moller and Alatalo, 1999). 
In ungulates, much attention has been paid to the role of horns and antlers as SSCs. In 
polygynous species, males fight to obtain access to estrous females. In wild and feral 
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sheep, males with large horns usually dominate other males and have a greater chance to 
reproduce (Ovis canadensis: Coltman et al., 2002; O. aries: Preston et al., 2003; Robinson 
et al., 2006). The reproductive advantage for large-horned males is substantial. A 
dominant bighorn ram can sire up to a third of all offspring during one mating season 
(Coltman et al , 2002). Horns, however, are thought to be costly because they require 
energy and nutrients to grow, maintain (including heat loss during winter (Picard et al., 
1996)), and carry (Geist, 1966b). Life History Theory would then predict that large horns 
should have a fitness cost. On the other hand, heterogeneity in individual quality could 
produce a positive relationship between horn growth and longevity (Reznick et al., 2000), 
because weaker individuals may have small horns and die young (Cam et al , 2002; 
Service, 2000). 
Although Geist (1966b) suggested four decades ago that horn growth rate and survival may 
be negatively correlated in bighorn sheep, it is only recently that empirical studies have 
looked for a survival cost of growing long horns (Loehr et al., 2007; Robinson et al., 
2006). In addition to their fundamental value, such studies are important for ungulate 
management because the selective effects of trophy hunting (which increases the mortality 
of males with long horns) may be reduced if hunting mimicked natural mortality. In 
hunted populations, males with rapidly growing horns are at risk of harvest at a young age 
(Festa-Bianchet et al., 2004). However, the potential selective effect of trophy hunting on 
early horn growth is controversial (Coltman et al., 2003; Loehr et al., 2007), partly because 
little is known about the relationship between horn growth and longevity in the absence of 
hunting mortality. Understanding how natural mortality covaries with horn size is central 
to test for trade-offs between sexual and natural selection in the evolution of SSCs, and to 
assess the potential selective effects of hunting. 
Here we explore the relationships between horn growth rate and longevity in an unhunted 
population of Alpine ibex (Capra ibex). Ibex are long-lived and strongly sexually 
dimorphic, with condition-dependent horn growth in males (Giacometti et al., 2002; von 
Hardenberg et al., 2004). Data on horn growth of Alpine ibex males found dead from 
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winter starvation for a population protected since 1922 were analyzed by von Hardenberg 
et al. (2004) who found that horn growth decreased in the two years preceding death. Here 
we examine the same sample to contrast the hypothesis that sexual selection favoring rapid 
horn growth at young age is counterbalanced by a decrease in longevity (Geist, 1966b; 
Loehr et al., 2007; Robinson et al., 2006), with the alternative that horn growth and 
longevity are positively correlated because they both depend on individual quality. 
MATERIALS AND METHODS 
Between 1988 and 1997, park wardens in the Gran Paradiso National Park (GPNP), 
Italians Alps (45°26'N, 7°08'E), collected all ibex skulls found during regular foot patrols. 
No hunting is allowed in the Park and there are no large predators. The main causes of 
death are winter starvation, senescence, or accidents such as avalanches. Because park 
wardens frequently patrol their assigned area, they find ibex carcasses in the year of death. 
Since horn growth stops during winter forming a distinct growth ring or annulus, it is 
possible to know age at death of each individual by counting the annuli (Geist, 1966c). 
Ibex skulls were cleaned and annual horn growth increments measured to the nearest 0.5 
mm with a caliper along the center of the posterior curvature. The first growth increment 
is often worn or broken and it was excluded from analyses. Because von Hardenberg et al. 
(2004) had shown a decline in growth during the final 2 years of life, independently of the 
age at death, we excluded from analyses horn increments grown by each ibex in the 2 years 
before its death. Similarly to von Hardenberg et al. (2004), we also excluded individuals 
with unknown year of death and ibex that had clearly died in avalanches. Less than 5% of 
ibex appeared to have died in avalanches, and we excluded them because avalanches may 
kill a random sample of ibex males, von Hardenberg et al. (2004) provide more details on 
skull collections and horn measurements. 
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A fundamental assumption of our study is that there are no biases in skulls collection. Such 
biases are unlikely because wardens systematically search the park to recover all ibex 
skulls as part of their duties. 
Statistical analyses 
We used a linear regression model to test if the length of horn grown between 2-4 years of 
age was correlated with horn growth after age 5. Because horn length increases with age 
and is correlated with longevity (Fig. la), we also included log-transformed longevity as an 
explanatory variable in the analysis. Thus, horn length grown after age 5 was a relative 
measure, controlled for longevity (Fig. 2). A positive correlation of horn length at 2-4 
years of age and after age 5 would suggest persistent individual differences in phenotypic 
quality. A negative correlation would indicate compensatory growth. We defined as 
"young age" horn growth between 2 and 4 years of age because average increment length 
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Figure 1. a: Positive relationship between horn length (mm) and age at death for 375 male 
ibex collected by Park Wardens in the Gran Paradiso National Park, Italy, from 1988 to 
1997. The first and last annual horn growth increments are not included, b: Relationship 
between annual increment horn length and age (n = 383, mean ± SD). Sample sizes differ 
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Figure 2. Relationship between the relative measure of horn length grown after age 5, 
controlled for longevity, and horn growth between 2 and 4 years of age (n = 328, r = 
0.094) for male ibex from the Gran Paradiso National Park, Italy, 1988 to 1997. 
In a second analysis, we used a linear mixed effects model (Pinheiro and Bates, 2000) to 
test if longevity was related to early annual horn growth for males that survived beyond 8 
years of age. Survival of male ibex between 2 and 12 years of age is much higher than that 
of other ungulates, and less than 15% of 2-year-old males die before 8 years of age (Loison 
et al , 1999a; To'igo et al., 1997). In this analysis, we used annual horn growth increments 
between 2 and 6 years of age as a measure of "early horn growth" common to our entire 
sample. We did not use age class 2-4 as in the previous analysis because we wanted to 
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consider all horn increments grown 2 or more years before death by individuals that 
survived to at least 8 years of age. Of 383 ibex males in our sample, only 17 % died before 
8 years of age. To avoid pseudo-replication due to several annual horn growth increments 
measured on the same horn at different ages (Machlis et al., 1985), and to calculate the 
variance in annual horn growth increments attributable to individual "qualities", we fitted 
male identity (ID) as a random term. We fitted the year during which each increment was 
grown as a fixed term (18-level factor) to account for year-specific environmental 
variability (Postma, 2006) that can affect horn growth (Giacometti et al., 2002; von 
Hardenberg et al., 2004). We also fitted age and longevity as fixed predictor terms of 
annual horn growth increments between 2 and 6 years of age. The significance of the fixed 
terms was assessed with conditional F tests. We used this causal statistical approach 
because we could measure many increments on a given male but had only 1 measure of 
longevity per individual. Therefore, we cannot use mixed models to estimate the 
proportion of variation in longevity attributable to individual quality (Steele and Hogg 
2003). We assessed significance of the random term ID using a log-likelihood ratio (LRT) 
test comparing models with and without the term (Steele and Hogg 2003). We checked for 
a possible bias for the LRT statistics under a ^ distribution (Pinheiro and Bates 2000) by 
comparing this model selection for the random term with a model selection based on the 
Akaike Information Criterion (AIC). We checked graphically for normality of residuals 
and homogeneity of variance. We conducted all analyses using the R 2.1.1 statistical nlme 
package (R Development Core team 2005) using the restricted maximum likelihood 
estimation procedure. 
RESULTS 
Testing individual heterogeneity 
Horn length grown after age 5, adjusted for longevity, was weakly positively correlated 
with horn growth at 2-4 years of age (/3 = 0.35, SE = 0.059 mm, t = 5.83, r2 = 0.094, p < 
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0.001, Fig. 2). A comparison of total horn length grown after age 3, adjusted for age at 
death, and increment length at age 2 also revealed a positive correlation (0 = 1.50, SE = 
0.218 mm, t = 6.89, r = 0.127, p < 0.001), confirming the result obtained with age class 2-
4. In the linear mixed model of annual horn growth increments between 2 and 6 years for 
individuals that survived beyond 8 years, the random term ID was highly significant (x = 
543.80, DF = 1, p < 0.001, n = 318, AAIC = 659.55 when removing ID from the model). 
ID explained 22% of the between-males variance in annual horn growth (((72ID / ff2totai) x 
100). For a given male, adding a first-order autoregressive process of the within-subject 
error increased substantially the fit of the model (p = 0.525, x2 = 137.95, DF = 1, p < 0.001, 
AAIC = 135.96 for the same full model without the correlation structure), suggesting that 
ibex with good growth one year were likely to have above-average growth in other years. 
Age-specific horn growth and longevity 
We tested whether early annual horn growth increments were related to longevity in a 
linear mixed effect model with ID as a random term. In the final model, variation in 
increment length between 2 and 6 years of age was best explained by a quadratic 
relationship with age (Table 1) and yearly differences (F17J244 = 5.501, p < 0.001). More 
importantly, after taking into account age and year effects, longevity was independent of 
annual horn growth increments between 2 and 6 years, for individuals whose longevity 
ranged from 8 to 16 years (Table 1). Fig. 3 illustrates this result by comparing individuals 
that died between 8 and 10 years with individuals that survived beyond that age. Despite 
the marginal but consistently longer annual horn growth between 2 and 5 years old for 
males that lived between 8 and 10 years, logistic regression (family binomial with logit 
link function) suggested that the probability of surviving past 10 years was not related to 
the horn growth between 2 to 5 years of age (x2 = 0.86, DF = 1, p = 0.36). Over this 
period, the mean cumulative horn length only differed by 1.4% (4 mm) between the two 
longevity classes. 
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Table 1. Linear mixed model of the effects of age and longevity on horn growth between 2 
and 6 years of age from 1581 annual horn growth increments measured on 318 male ibex 
that survived to at least 8 years of age. We fitted ID as a random term and year as a fixed 
term in both models. Wardens collected ibex skulls in the Gran Paradiso National Park, 
Italy, from 1988 to 1997. 
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Figure 3. Length (± SE) of the annual horn growth increments grown between 2 and 6 
years of age for 134 male ibex that died when aged 8 to 10 years and 176 individuals that 
survived over 11 years of age in the Gran Paradiso National Park, Italy, 1988 to 1997. 
DISCUSSION 
Using a large sample of unhunted wild polygynous ungulates that died of natural causes, 
we tested two opposing hypotheses relating early horn growth and longevity in males. We 
found persistent individual variation in ability to grow horns. Our results suggest that 
males with fast-growing horns early in life were able to grow longer horns without any 
apparent longevity cost. Because male ibex do not compensate for reduced horn growth at 
young age by increasing growth in later years (Toi'go et al. 1999), persistent individual 
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differences lead to much variability in total horn length among mature males. After 
controlling for age and the year when a horn increment was grown, about a quarter of this 
phenotypic variability was explained by individual quality. 
It is likely that the length of ibex horns is correlated with reproductive success, as reported 
for other polygynous ungulates with a similar mating system (Hogg and Forbes, 1997; 
Preston et al., 2003). Despite their association with reproductive benefits, Pomiankowski 
and Moller (1995) found that high variability in sexually selected traits is common in 
nature. We also found much individual heterogeneity in horn size, and some males were 
unable to grow long horns independently of their longevity. Hence we suggest that ibex 
horns could be an honest signal of condition (Malo et al., 2005; Preston et al., 2003; von 
Hardenberg et al., 2004; von Hardenberg et al., 2007). Assuming that horn growth and 
maintenance are costly, our results would also be consistent with the Handicap Principle 
(Zahavi, 1975), which predicts a positive correlation between the size, color or intensity of 
costly SSCs and the quality of their bearer. Individuals could advertise their quality if they 
are able to bear costly displays without compromising their survival (Zahavi, 1975). von 
Hardenberg et al. (2007) found that ibex horn growth was positively correlated with 
multilocus heterozygosity and suggested that long-horned males were of better genotypic 
quality. Therefore, horn size could potentially guide mate selection by females, or help 
establish dominance rank among males while avoiding potentially costly fights between 
males of different "quality" (Pelletier and Festa-Bianchet, 2006). Contrary to our 
expectation, however, we found no relationship between early horn growth and longevity. 
Males with slow-growing horns may increase their survival by limiting their reproductive 
effort. As they age, males with rapidly growing horns probably experience an increase 
reproductive benefit (Coltman et al., 2002). 
Our findings do not exclude the possibility that there may be a survival cost for mature 
males with the largest horns, after a few years of intense reproductive activity. Geist 
(1966b; 1971) suggested that rapidly-growing males would participate in rutting activities 
at a young age and suffer increased mortality through injuries or exhaustion. Recent 
57 
suggestions that DalPs sheep (Ovis dalli) rams with rapidly-growing horns suffer a 
survival cost of reproduction as young as 5-6 years (Loehr et al., 2007) ignore data on age-
specific reproductive behavior and reproductive success of males of polygynous ungulates. 
Geist (1966b) suggested a trade-off between horn growth and longevity by comparing 
bighorn rams that did and did not survive to 12 years of age. We now know that 12-year-
old bighorn rams are well into survival senescence (Loison et al., 1999a) and that dominant 
rams obtain high reproductive success at 7-10 years of age (Coltman et al., 2002; Hogg and 
Forbes, 1997). In male ibex, survival senescence becomes evident at about 10-12 years of 
age and the age-related decrease in survival is very rapid thereafter (Toi'go et al., 2007). 
We speculate that males with fast-growing horns may make a strong reproductive effort 
when aged 10-14 years, possibly leading to increased mortality. Such an age-dependent 
trade-off may explain the weak trend for males with the longest horns not to survive to the 
very oldest ages (Fig. la). Because of the small sample of males aged 12 years and older, 
we could not test statistically for this age dependent trade-off. It remains possible, 
however, that for mature males with large horns that take an active part in the rut, survival 
may both increase because of high individual quality and decrease because of high 
reproductive effort. 
Our results underline the importance of studying unhunted populations of ungulates to 
understand the relationship between horn growth and natural mortality. In feral sheep, 
Robinson et al. (2006) found that males with larger horns gained in annual breeding 
success but suffered a decrease in longevity. In that population, the largest male lambs can 
participate in the rut but experience a survival cost (Stevenson and Bancroft, 1995). 
Because Robinson et al. (2006) did not look at age-specific costs of long horns, it remains 
unclear whether this cost also affects adult rams. Clinton and Le Boeuf (1993) reported 
that some male elephant seals (Mirounga angustirostris) that attempted to breed for the 
first time suffered a decrease in survival, and found a positive, but not significant, 
relationship between mating success and survival for 'established' breeding males. 
Nonetheless, high-quality males enjoy high survival through their prime reproductive years 
in many other polygynous mammals. For example, Pelletier and Festa-Bianchet (2006) 
found that longevity was correlated with mating effort for bighorn rams aged 2-5 years. 
58 
Heavier young males participated more in the rut than lighter males of the same age 
(Pelletier, 2005). In fallow deer (Dama damd), mature males that reproduce are larger 
(McElligott et al , 2001) and enjoy higher survival than non-reproducers (McElligott et al., 
2002). 
In conclusion, we found significant individual heterogeneity in the capacity to grow horns 
but no effect of horn growth on longevity. We suggest that age-specific horn growth 
during young age is a correlate of individual quality. This suggestion has substantial 
implications for ungulate management and conservation, because of the potential impact of 
artificial selection through trophy hunting (Loehr et al., 2007). We suggest that any trade-
off between early horn growth and longevity would only affect individuals that survived 
past their prime reproductive years. Hunting regulations that allow the harvest of males 
with large horns when younger than about 10 years would not mimic natural mortality and 
could select for small horn size (Coltman et al., 2003). Behavioral and paternity data are 
required to provide a better understanding of the relationships between horn size, 
reproductive effort and reproductive success, all of which could affect the age-dependent 
trade-off between horn size and longevity. 
ACKNOWLEDGEMENTS 
We thank D. Garant for help with statistical analysis. Constructive comments from J.-M. 
Gaillard, F. Pelletier, P. Bourgault, A. Mysterud, J. Vucetich, G. Yoccoz and an 
anonymous reviewer greatly improved this manuscript. We are grateful to the many park 
wardens who collected ibex skulls and to M. d. P. Zummel Arranz and G. Bogliani for 
their help in measuring them. The Natural Sciences and Engineering Research Council of 
Canada (scholarship to P.B. and research grant to M.F.-B.) provided financial support and 
GPNP provided logistical support. 
59 
CONCLUSION 
L'objectif principal de ma maitrise etait d'utiliser une approche de suivi individuel afin 
d'etudier les traits sexuels secondaires du bouquetin des Alpes. Dans un premier temps, 
j 'a i evalue l'importance relative de la taille corporelle et des cornes sur la position qu'un 
male occupe dans le rang hierarchique. Dans un deuxieme temps, nous avons etudie la 
relation entre la croissance des cornes en bas age et la longevite des males. Mes travaux 
sont uniques parmi les etudes sur les traits d'histoire de vie de populations d'ongules, car 
ils considerent des mesures repetees de traits d'histoire de vie sur des animaux marques et 
portent sur une population dont la structure d'age n'est pas affectee par la chasse. Dans le 
Pare National du Grand Paradis, nous avons ete capable d'obtenir des mesures d'age (von 
Hardenberg et al , 2004), de masse (Bassano et al., 2003), de taille de cornes (chapitre I) et 
de rang hierarchique sur des ongules non chasses. 
Dans le deuxieme chapitre, nous avons montre qu'il etait possible d'organiser les males 
selon un rang hierarchique lineaire base sur des observations de dominance recoltees 
durant le printemps et l'ete. Nous avons trouve que la taille des cornes et la masse 
corporelle affectent directement la position qu'un male occupe dans le rang hierarchique et 
que ces deux traits covarient positivement. Par son effet sur la croissance, l'age a un effet 
indirect sur le rang. Par consequent^ bien que plus jeune, un gros male dominera un petit 
male plus vieux. Puisque le rang hierarchique est correle au succes reproducteur (Hogg 
and Forbes, 1997) et que la masse corporelle et la taille des cornes affectent directement le 
rang, ces deux traits sont probablement soumis a une forte selection sexuelle. Meme apres 
que la masse asymptotique ait ete atteinte, les plus gros males sont aussi ceux qui 
possedent les plus longues comes. II y a done une forte heterogeneite individuelle 
phenotypique entre les males, tant a l'interieur qu'entre les cohortes. Cette variability 
semble etre reconnue par les males comme un signal honnete de la capacite a combattre. 
En effet, lorsque deux males different phenotypiquement, le plus petit tend a eviter une 
altercation violente et opte pour la fuite, probablement pour augmenter ses chances de 
survie. Dans le troisieme chapitre, nous avons trouve que les males qui ont la plus forte 
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croissance de cornes en bas age ont aussi une forte croissance plus tard dans leur vie. De 
plus, il n'y a pas de relation entre la croissance des cornes en bas age et la longevite. Par 
consequent, les males avec la plus forte croissance de cornes ont egalement les plus 
longues cornes. 
En combinant les resultats de ces deux etudes, nous constatons que les traits sexuels des 
bouquetins suivent les prediction de la theorie de l'Handicap (Zahavi, 1975). Seuls les 
males qui ont la qualite necessaire pour croitre de grands traits le font et ce sont ces grands 
males qui ont vraisemblablement la valeur adaptative la plus elevee (Coltman et al., 2002; 
Preston et al., 2003). Le succes reproducteur des males serait done biaise vers les males 
aux grandes cornes. Pour un male de bonne qualite, les couts associes a une forte 
croissance seraient done relativement faibles comparativement aux benefices en valeur 
adaptative que procure un haut rang hierarchique (Dobson et al., 1999; Reznick et al., 
2000). Ce mecanisme pourrait avoir evolue afin de favoriser le succes reproducteur des 
males de meilleure qualite. Si ces males produisent des jeunes de meilleure qualite (qui 
auront eux aussi un meilleur succes reproducteur), la selection sexuelle directionnelle, en 
faveur des males avec un fort taux de croissance, pourrait expliquer le dimorphisme sexuel 
frequemment observe chez les especes polygynes. 
Implications 
Mes travaux suggerent que la croissance des cornes en bas age est correlee avec la qualite 
des individus (von Hardenberg et al., 2007, Chapitre II et III). Ces resultats ont done des 
implications importantes pour la conservation des populations d'ongules dimorphiques 
chassees. En effet, des pressions de chasse au trophee soutenues peuvent exercer une 
pression selective artificielle negative sur le taux de croissance de traits sexuels 
secondaires (Coltman et al., 2003). Nos travaux sur une population naturelle non chassee 
apportent une nuance aux travaux effectues sur des populations insulaires avec des traits 
d'histoire de vie uniques (Robinson et al., 2006) et remettent en question les conclusions 
tirees d'un travail similaire effectue sur des populations chassees (Loehr et al., 2007). Ces 
61 
etudes suggeraient un cout a la reproduction (diminution de la survie) associe aux grandes 
cornes. Nous suggerons, au contraire, que la chasse d'individus avec une forte croissance 
n'imite pas la mortalite naturelle et done represente une source de mortalite additive 
pouvant avoir des effets artificiels sur revolution des traits d'histoire de vie de cette 
espece. 
Perspectives futures 
Ma recherche comporte certaines limitations qui devront etre comblees par des recherches 
futures. Dans le contexte actuel, le rang social des bouquetins etait la seule mesure se 
rapprochant du succes reproducteur des males (McElligott et al., 2001 ; Pelletier et Festa-
Bianchet, 2006) et nous n'avons pu qu'etablir des correlation phenotypiques entre ce rang 
et les traits sexuels secondaires. Les travaux futurs pourraient utiliser la genetique 
(assignation de paternite) afm de calculer avec plus de precision le succes reproducteur 
individuel et determiner le pedigree de la population. De telles donnees, combinees aux 
mesures phenotypiques deja disponibles, permettraient de mieux comprendre les pressions 
selectives qui agissent sur la taille des traits sexuels secondaires (Coltman et al, 2002). 
Avec un suivit a long terme, il serait possible de calculer l'heritabilite de ces traits et done 
de mieux comprendre les processus evolutifs qui mene au dimorphisme sexuel chez 
certaines especes. De plus, nous avons trouve qu'il n'y a pas de compromis entre 
croissance de traits sexuels secondaires et longevite. Dans un contexte ou les plus gros 
males qui se reproduisent souffrent d'une mortalite accrue (cout a la reproduction), une 
variabilite en qualite individuelle pourrait masquer ce compromis si les individus de moins 
bonne qualite meurent egalement en bas age. Les travaux futurs devraient utiliser une 
mesure de qualite independante des phenotypes d'interets (von Hardenberg et al., 2007), et 
idealement, etudier un systeme ou ces phenotypes seraient independants entre eux. Cette 
mesure de qualite permettrait de controler pour la variabilite en qualite individuelle et done 
ameliorerait notre comprehension des compromis entre survie et reproduction. 
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